Abstract: Negative chemotaxis, the movement of organisms away from chemicals, was investigated in Pseudomonas aeruginosa using a rapid videotape method. Digital image processing was used to detect changes in bacterial numbers near the mouth of a capillary containing a test chemical. P. aeruginosa was found to be repelled by thiocyanic and isothiocyanic esters including allyl isothiocyanate, ethyl thiocyanate, methyl isothiocyanate and methyl thiocyanate. Particularly, the movement of bacteria away from methyl thiocyanate was so drastic that bacterial numbers near the mouth of the capillary decreased by approximately 80% within 30 s after the start of observation. Mutant strains, fully motile but lacking positive chemotaxis, did not escape away from the esters, suggesting a common mechanism between positive and negative chemotaxes in this organism.
Introduction
Motile bacteria sense and respond to a wide variety of chemicals, including amino acids, sugars and aromatics, by a process known as chemotaxis [1, 2] . Bacterial chemotaxis is one of the clearest indicators of the response of bacteria to their environment. Negative chemotaxis, the movement of organisms away from chemicals, has been found in peritrichous bacteria including Escherichia coli [3] , Salmonella typhimurium [4] and Bacillus subtilis [5] . These bacteria normally swim smoothly but randomly change direction by tumbling [2] . The chemotactic responses of these * Corresponding author. bacteria, therefore, can be measured by adding chemicals to a bacterial suspension and observing transient changes in tumbling frequency.
Pseudomonas aeruginosa inhabits a wide range of environmental niches from soil and water to its human host, utilizing a variety of substrates as carbon and nitrogen sources. This organism has been known to be attracted by a wide variety of chemicals, including amino acids, organic acids, phosphate and aromatic compounds [6, 7] . However, to our knowledge, no paper has reported about its negative chemotaxis. In the present study, we have surveyed a variety of chemicals for their ability to repel P. aeruginosa using a rapid videotape method. Since P. aeruginosa, which is capable of swimming motility by a polar flagellum, does not exhibit tumbling motion, the chemotactic response was assessed by measuring the temporal changes in bacterial numbers near the mouth of a capillary containing a test chemical. We demonstrate here that thiocyanic and isothiocyanic esters are effective repellents for P. aeruginosa.
Materials and Methods

Bacterial strain, media and growth condition
The organism used in this study was P. aeruginosa strain PAO1 [8] . Cells were grown overnight in T medium [9] at 37°C with shaking. The overnight-grown culture was inoculated to fresh T medium (a 1% inoculum) and then incubated as described above until the exponential phase.
Chemotaxis assay
The details of the videotape method have been described previously [10] . Basically, chemotaxis buffer used in the present study was 10 mM Hepes buffer (pH 7.0). Cells were washed twice with chemotaxis buffer and resuspended in thc same buffer. Bacterial motility was observed with a small chamber, similar to that described by Adler [11] , mounted on the stage of an inverted phase contrast microscope. Test chemicals were dissolved in chemotaxis buffer at a concentration of 1 M. The chemicals used, which were only slightly soluble in water, were heated and mixed homogeneously by vortexing. A 0.5-ml aliquot of the solution was mixed with an equal volume of chemotaxis buffer containing melted 2% agarose and kept in a heating block at 60°C. A glass capillary tube, having an inner diameter of 10 /xm, was filled with the mixture and inserted into the chamber using a joystick micromanipulator. The chamber was then filled with the bacterial suspension immediately preceding the videotaping.
Computer analysis
Videotapes were played back and the video images digitized with an image processor (LA525X, Pias Co., Osaka, Japan). The image processor detected areas of dark bacterial cells on a light background in a grid of 480 by 512 pixels and counted bacteria near the mouth of a capillary. A distance of 40 pixels was equivalent to a length of 10/xm at a magnification of 3(10 ×, and the scanned area in the field of microscopic view was approx. 100 by 80/zm 2.
Chemicals"
All chemicals used in chemotaxis assays were obtained from commercial sources in analytical grade.
Results and Discussion
Chemotaxis assay for potential toxicants
A variety of chemicals were tested for their ability to repel cells of P. aeruginosa. These include aromatics (biphenyl, benzenhexachloridc, 2,4-dichlorobenzoatc, o-cresol, m-cresol, pcresol, phenol, thiophene and 2,4,6-trichloro-phenoxyacetic acid), heavy metals (CoSO 4, KzCrO 4, MnCI2, NiC12, SnCI 2 and ZnCI 2) and esters (methyl thiocyanate and ethyl acetate). Most of the tested chemicals were potential toxicants to microorganisms, and all compounds were tested on at least three separate occasions. Only methyl thiocyanatc produced a detectable negative chemoresponse in P. aeruginosa. Fig. 1 exemplifies the time-course data on the negative chemotactic response of P. aeruginosa toward methyl thiocyanate. The movement of bacteria away from methyl thiocyanate was so drastic that bacterial numbers near the mouth of capillary decreased by approximately 80% within the first 31) s. Unlike peritrichous bacteria, tumbling motion was not observed with cells escaping away from the repellent. In the absence of methyl thiocyanate, bacterial numbers were observed to gradually decline. This is probably caused due to the aerotaxis of this obligate aerobe.
Chemotaxis away from esters
Negative chemotaxis of cells of P. aeruginosa was also observed with other thiocyanic and isothiocyanic esters (Fig. 2) ria resumed to accumulate near the mouth of the capillary, and by 60 s, bacterial numbers reached a level similar to that of the control. It is unclear whether this behavior was related to bacterial adaptation as observed in positive chemotaxis [1] . No significant negative chemotactic responses were detected with benzyl thiocyanate, cyclohexyl thiocyanate and phenyl isothiocyanate. These resuits, though the reason is unclear, seem to suggest that increasing the molecular weight of esters decreases the strength of negative chemotaxis in P. aeruginosa. Negative chemotaxis for methyl thiocyanate is unlikely to bc inducible. The occurrence of the negative chemotaxis did not require the addition of esters to preculture (data not shown). Similar responses were observed with P. aeruginosa cells grown in L broth, T or BSM medium [12] . In addition, negative chemotaxis for methyl thiocyanate was independent of the carbon source in BSM medium (e.g. benzoate, adipate and glucose, data not shown). Methyl isothiocyanate, which is used in broad-spectrum fungicides and bactericides, is often detected as a hazardous pollutant in surface waters [13] . Methyl thiocyanate was also found to be toxic to P. aeruginosa. The growth of this organism in T medium was inhibited by approximately 65% at 1 mM methyl thiocyanate and no growth was detected at 5 mM (data not shown). However, the relationship between the harmfulness of the ester and its ability to repel P. aeruginosa is not clear.
Relationship between positive and negatit~e chemotaxes
To explore the relationship between positive and negative chemotaxes in P. aeruginosa, mutant strains MC1 and MC2, fully motile but defective in positive chemotaxis, were examined for their ability to escape from methyl thiocyanate. Though the details of the isolation and characterization of the mutant strains will be described elsewhere, their defectiveness in positive chemotaxis is confirmed by: (i) the swimming motility of strains MC1 and MC2 was essentially similar to that of strain PAO1, but unlike PAO1, these mutants were not attracted to casamino acids; and (ii) though PAO1 was attracted to phosphate under the conditions of phosphate limitation [6] , no chemotactic response for phosphate was detected with MC1 and MC2. As shown in Fig. 3 , neither strain MC1 nor MC2 escaped away from methyl thiocyanate, suggesting a common mechanism between positive and negative chemotaxes in P. aeruginosa.
